lnterictal spikes (11s) are paroxysmal discharges commonly observed in patients with epilepsy which represent an abnormallysynchronized population of hyperexcitable neurons firing as an aggregate. Due to conflicting studies on the clinical significance of IIS, research focusing on IIS has been sparse. However, recent attention on IIS has increased for patients undergoing surgery for intractable epilepsy as a means to identify epileptic foci for surgical resection. There is growing evidence that IIS are not asymptomatic as has been commonly accepted. Other than epilepsy, IIS have been associated with a wide range of behavioral and psychiatric disorders, including attention deficit disorder, anxiety disorders and psychoses. For these reasons, a well-characterized animal model of interictal spiking which accurately mimics the human phenomenon would be a valuable tool to gain insights both into the pathophysiology of epilepsy as well as a broad variety of human neuropsychiatric diseases. Here, we review the literature on the clinical significance of IIS in humans and on animal models where IIS has been observed. We then demonstrate the utility of using tetanus toxin to generate a reproducible pattern of progressive IIS for future studies into their clinical significance.
INTRODUCTION

IIS in epilepsy
A major goal in the management of patients with intractable epilepsy is to reduce or eliminate clinical seizures which often lead to major disability and sometimes death. While an electrographic seizure is a rhythmic burst of epileptic discharges that can start focally and spread to large regions of the brain, interictal spikes (16) generally occur singly or in small groups, remain localized to specific brain regions, and are more frequent than seizures. One widespread opinion is that IIS may prevent rather than provoke seizures. This opinion is largely based on scalp encephalogram (EEG) studies that examined IIS frequency immediately before and after seizures. The finding that llS are not increased before the seizure onset has led some to speculate that IIS are not required for seizure generation.ld While some even interpret these findings to mean that IIS may actually be protective for seizures, these studies were limited by the use of scalp EEG which can only detect llS that involve very large regions of cortex that often exceed 10cm.z5
Further experimental evidence in vitro also argues against a pathologic role of IIS in epilepsy. In hippocampal slice preparations, the presence of sustained interictal spiking reduced the probability of generating an ictal discharge.6 l1 In this same system, ictal events could still be generated while interictal activity was abolished with blockers of synaptic transmission.12 " A potential problem with all these in vitro preparations is that it is unclear how well the IIS generated from these acute preparations compare to IIS generated over months to years in living animals. While acute slice models require some sort of irritant to produce discharges, an epileptic brain generates discharges spontaneously with no outside intervention, suggesting a fundamental difference in intrinsic excitability.
More recently, a number of studies support a pathologic role for IIS in maintaining epileptic foci. IIS, in fact, develop long before actual seizures and thus may represent an important driving force in epileptogenesis.14 IIS are routinely detected on surface EEG and their presence is used to identify epileptic brain regions. Determining their location, patterns of propagation, latency, and frequency can be helpful clinically to identify ictal-onset zones and thereby improve post-surgical outcomes.'> 21 In vitro, interictal spiking and seizure activity can arise from the same neuronal networks22 and, in hippocampal slice cultures, these neuronal networks become fully active when there is sufficient neurotransmitter release to initiate action potentials in a critical number of neurons.23 It has been hypothesized that positive feedback from synapses of neurons lead to the propagation of excitation throughout the neural that, in turn, becomes an important driving force for the generation of seizures. Finally, our laboratory has recently found that genes which are differentially induced at human epileptic foci were induced in proportion to the amount of IIS, rather than the frequency of seizures, suggesting that interictal activity may be an important driving force for activitydependent gene expression and plasticity at epileptic foci.2526 IIS in psychiatric disorders EEG abnormalities have been noted in a wide range of psychiatric disorders for decades. In many of these studies, however, all EEG abnormalities were lumped into a single "abnormal E E G description and were not categorized specifically as IIS or focal slowing. Several studies describe a high incidence of EEG abnormalities in anxiety disorders, panic disorders, and obsessive-compulsive However, one large community study by Bridgers2g found that epileptiform discharges, specifically, were correlated with symptoms of anorexia nervosa, depression, mania, personality disorders, suicidality without depression, nonpsychotic explosive behavior, and the effects of psychotropic medications. Individuals displaying antisocial and 
Tetanus toxin injection causes minimal to no histopathologic damage.
A 20pm coronal section within 400pm of the injection site of a spiking rat's brain two weeks after tetanus toxin injection stained with cresyl violet demonstrates no major pathologic changes (arrow signifies injection site). The absence of frank trauma to the brain eliminates many potential confounding variables in the experiment. aggressive tendencies have also been found to display a wide range of EEG abnormalities, including epileptiform d i~c h a r g e s .~~-~~ Most remarkably, IIS have often been associated with attention deficit hyperactivity disorder (ADHD), with a prevalence ranging from 4.9% to 60% while estimates in normal school-aged children are around 2-3%.3s 41 Given the wide array of psychiatric symptoms and the comorbidity of psychiatric diseases with epilepsy, long-term human recordings and focused behavioral studies in animals will be needed to establish any causality between these abnormal brain activities and behaviors.
More direct associations of IIS with specific cognitive behaviors have been noted. A recent double-blind study that reduced interictal spiking using add-on seizure therapies showed significant behavioral improvements in patients with epilepsy, raising the possibility that interictal spiking is deleterious to normal brain functioning!2 Some studies suggest an association between high frequency IIS and cognitive and behavioral decline in children with lnui et alS5 found that spike variants were significantly higher among patients with mood-incongruent psychotic mood disorder (33%), schizoaffective disorder (33%), and schizophreniform disorder (30%) as compared to patients with nonpsychotic mood disorder (3.2%) and schizophrenia (O%). 45 IIS have even been associated with self-injurious behavior among tuberous sclerosis patients!6 With a potential role in such a wide range of disorders, it would be advantageous to develop a better understanding of IIS through animal models.
Animal models
Given the inherent property of excitability in the brain, it is not surprising that it is a relatively simple task to generate epileptic discharges and seizures in animals using a wide array of irritative, electrical, and cytotoxic methods4' Animal models have been used to investigate epilepsy for decades, and most of them generate IIS in addition to seizures. Rarely, however, are IIS the focus of study, and their contribution to both pathology and epileptogenesis is difficult to disentangle from that of seizures. An ideal model for the study of clinically-important IIS in animals would be to mimic the human
Figure 2. Electrode placement and spike localization.
A schematic of the placement of six recording electrodes with sample EEG traces shows how interictal spikes can be localized The field is most prominent over the injection site. but can also be detected to a lesser degree in other nearby leads (red circle denotes electrode overfying the inlecbon site) phenomenon as closely as possible. This would require IIS in the absence of frank seizures that are similar to those observed in humans, are chronic, spontaneous, and are not associated with significant neuronal toxicity or death.
Both acute and chronic IIS have been observed in animal models. In hippocampal slice culture, gamma-aminobutyric-acid-A (GABA,) blockade, low extracellular magnesium concentration, low extracellular calcium, kainic acid, and 4-aminopyridine have all been used to generate interictal-like activities!' The advantage of these methods is that interictal activity without ictal discharges can be generated in order to study the electrophysiological properties of IIS independently from seizures. Disadvantages are that the relationship of in vitro discharges to those generated in intact animals is unclear and nothing can be said about "higher order" phenomena such as behavior with in vifro models.
Acute in vivo models are better suited to address these problems.-In intact animals, focal IIS can be seen immediately after penicillin injection or electrical stimulation. Systemic administration of GABAblocking substances, kainic acid, or pilocarpine produces IIS, but these can also be injected focally. After penicillin injection into the cortex, focal IIS as well as seizures occur and can last for 6-8 hours. Kainic acid and pilocarpine given systemically produce acute status epilepticus that can last for several hours, after which IIS are observed. Pentylenetetrazol is generally used as a convulsant agent, but in the right dose can produce spikes with no detected seizures and produces minimal tissue damage!8 One question that remains with all of these models of acute epileptiform activity is whether they are truly identical to the spontaneous IIS generated chronically in patients with epilepsy.
Chronic models of epilepsy are generally produced by an initial lesion, followed by a latent period, and the subsequent development of spontaneous epileptiform activities4' Most models focus on the hippocampus, and commonly used methods of modeling human hippocampal epilepsy are electrical kindling, or systemic administration of pilocarpine or kainic acid. Kindling involves repeated electrical stimulations which cause seizures. If done enough times, kindling can lead to the production of spontaneous llS and seizures. Status epilepticus induced by either pilocarpine or kainic acid cause significant neuronal damage in the hippocampus. After a latent period, large IIS mixed with spontaneous seizures occur chronically in a subset of animals. For chronic neocortical epilepsy, the most common techniques are application of either toxic metals or tetanus toxin. When metals, such as cobalt, are directly applied to the cortex, spontaneous The rate of increase in interictal spiking frequency increases with the dose of tetanus toxin injected An injection of 50ng results in very little spiking even 4 weeks after injection while three injections of 50ng (150ng total) within lmrn' of cortex quickly results in a rapid increase in spike frequency Dose and the number of nearby injection sites can thus be modulated to vary the rate of IIS generation in the absence of seizures interictal and ictal activities are observed and can persist for one or more weeks, depending on the method of application. Limitations of using metals are that the epileptiform activity requires continued presence of the irritant and extensive tissue destruction is seen at the site. This is likely different from lesions that produce epileptic foci in humans, such as brain injury, which are usually a single initial insult. Chronic models of epilepsy using tetanus toxin Tetanus toxin injected directly into either the neocortex or hippocampus produces a variety of transient excitatory patterns dependent on the injection site. It is a nice model of chronic epilepsy because it does not produce significant neuronal toxicity as many of the other focal models do and does not produce the tissue destruction observed after prolonged status epilepticus (Figure 1) . Tetanus toxin produces a transient inhibition of inhibitory neurons that is known to lead to the gradual generation of spontaneous epileptic discharges that over time lead to the development of epileptic seizures. 49 An initial injection of tetanus toxin is followed by a latent period, after which IIS and spontaneous seizures can persist almost indefinitely (>7 months). Most intrigaingly, Jeffreys and colleaguessa noted that, unlike injections into hippocampus or motor cortex that produce seizures early on, injection of small amounts of tetanus toxin into the somatosensory cortex results predominantly in IIS with only infrequent seizures.m This model seemed to offer the ideal characteristics to study IIS in animals since it is a chronic, spontaneous in vivo model, without seizures early on and minimal neuronal cell loss.
MATERIALS AND METHODS
To create a focus of IIS, rats were anesthetized with pentobarbital and placed in a stereotactic frame. Three holes were drilled in the skull over each hemisphere at +4mm, -1mm and -6mm relative to the bregma in the cranial-caudal axis and 3.5mm lateral (Figure 2) . A seventh hole was drilled at the midline over the nasal sinus. Tetanus toxin (Sigma) was prepared with sterile water to yield a 100ngi pL weeks after tetanus toxin injection Seizures begin at the injection site, but rapidly spread to include the entire brain This confirms the model as one of true epileptogenesis, which closely mimics the time course of human, acquired neocortical epilepsy solution in 0.01M sodium phosphate. This solution was injected with a Hamilton syringe into the left somatosensory cortex (-lmm relative to bregma, 3.5mm lateral to midline) at a depth of 1.5mm over the course of 4 minutes. The needle was left in place for 10 more minutes to allow diffusion and binding of the toxin. Screws (Small Parts Inc., TX2-4-1C) with the points tiled off were placed in each drilled hole and wired to a 9-pin female connector (Winchester Electronics 89-1 109s-10D) to act as electrodes, with the nasal sinus screw used as a reference. The apparatus was covered with dental cement (A-M Systems) and the skin tightened around it with a skin staple. One hour of EEG per day was recorded at the same time of day for each rat on a 32-channe1, 200Hz Stellate HARMONIE 6.0 digital EEG recording system (Stellate Systems Inc., Quebec, Canada). EEG recordings were reviewed manually by one blinded reviewer to mark the time and location of each interictal spike.
RESULTS AND DISCUSSION
Based on the initial observation by Jeffreys' group,5o we have developed and characterized a model of chronic, focal interictal spiking in rats with a long latent period before spontaneous seizures. The goal for this model was to create an epileptic focus for long-term recordings of IIS that closely parallels observations made from human long-term subdural recordings. With this method, we observed a latent period of 4-7 days where no abnormal activity is detected, followed by a steady increase in the frequency of interictal spiking for several weeks. The rate of increase in spiking is dependent upon the dose of tetanus toxin used (Figure 3 ). Once IIS have built up over time, seizures can be observed originating at or near the injection site approximately 6 weeks afler tetanus toxin injection in highly spiking animals (Figure 4) This model, therefore, provides an excellent parallel to acquired, focal epilepsy in humans where an initial lesion is followed by a latent period before spontaneous seizures occur. During this time, a focus of IIS develops and progresses, which allows a large window in which to study the effects of neocortical spiking in the absence of seizures. Additionally, the focal nature of this model permits the use of the opposite hemisphere as an internal control for tissue and molecular studies, and the potential to lateralize any behavioral changes. Unlike in the common kainic acid and pilocarpine models that produce severe brain injuries from hours-long status epilepticus, there is no mortality from this procedure and minimal tissue damage. Confounding effects from brain trauma, the disruption of the blood-brain barrier, and inflammation are thereby minimized While all treated animals developed progressive interictal spiking, there is substantial variation in the frequency of IIS by 3 weeks out making it necessary to quantify IIS frequency when relating IIS to behavior or seizure development Finally, because this model creates a chronic, self-sustaining focus of spontaneous spiking in a living animal, it may be a far more accurate model of the human condition than in vitro slices or acute in VIVO models 
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